In the present work, a water-cooled, modular, atmospheric pressure Trapped Vortex Combustor (TVC) test rig is designed and fabricated for reacting and non-reacting flow experiments. The unique features of this rig consist of a continuously variable length-to-depth ratio (L/D) of the cavity and optical access through quartz plates provided on three sides for visualization. Flame stabilization in the single cavity TVC was successfully achieved with methane as fuel and the range of flow conditions for stable operation were identified. From these, a few cases were selected for detailed experimentation. Reacting flow experiments for the selected cases indicated that reducing L/D ratio and increasing cavity-air velocity favour stable combustion. The pressure drop across the single cavity TVC is observed to be lower as compared to conventional combustors. Temperatures are measured at the exit using thermocouples and corrected for radiative losses. Species concentrations are measured at the exit using an exhaust gas analyzer. The combustion efficiency is observed to be around 97-99 % and the pattern factor is observed to be in the range of 0.08 to 0.13. High-speed imaging made possible by the optical access indicates that the overall combustion is fairly steady, and there is no vortex shedding downstream.
INTRODUCTION
The concept of air-breathing jet propulsion originated during the first decade of the 20 th century. Over the past few decades, the concept and design of the conventional gas turbine combustor has remained relatively unchanged except for introduction of new materials. Trapped Vortex Combustor or TVC is a recent concept which promises to revolutionize gas turbine combustor technology in future. The basic difference between the TVC and the conventional combustor is the mode of stabilization. The TVC utilizes physical cavities in the wall to stabilize the flame as opposed to the conventional combustor which utilizes the toroidal flow reversal that entrains and recirculates a portion of the hot combustion gases to provide continuous ignition to the incoming air and fuel. Trapped Vortex Combustor concept was first evaluated in an Air Force Office of Scientific Research program [1, 2] in 1993. Since then, it has evolved from a ratio of the cavity. This fundamental work on flow over cavities helped in the development of first generation TVC. This first generation TVC was based on axisymmetric design and used gaseous fuel. It was observed that vortex was locked in the cavity for condition of minimum drag [5, [7] [8] [9] . From this initial work in TVC, it was also observed that when vortex is locked in the cavity, there is hardly any exchange of main flow and cavity contents [8] . Thus, to obtain good performance characteristics with TVC, sufficient amount of fuel and air were injected into the cavity. The first generation TVC had lean-blow out (LBO) limit below the conventional swirl-stabilized combustors and could operate stably over wide range of inlet air velocities and fuel-air ratios [5, 9] .
The first generation TVC was instrumental in establishing the fact that cavity can be used successfully for stabilizing the flame. Work on an axisymmetric configuration with gaseous fuel injection also helped establishing basic design guidelines for the next generation TVC and helped in the evolution and development of the can-type TVC and later annular combustor with liquid fuel injection. The second generation TVC, a cantype configuration, exhibited excellent LBO characteristics over a wider operating range [5] . The third generation TVC was an annular TVC rig with liquid fuel injection. This design resulted in higher combustion efficiency and better LBO limits than conventional combustors. On this combustor, different injection strategies for injection of air and fuel into the cavity were also studied. It was observed that double vortex design exhibited highest combustion efficiency at the lowest overall equivalence ratio. These experiments on second and third generation TVC provided information for the design of high pressure rigs for evaluation under realistic conditions [5, 10] . Based on experiments on this high pressure rig, it was found that LBO characteristics were about 50% lower than conventional combustors. Effective combustion efficiencies about 99% were achieved for overall equivalence ratio between 0.12 and 0.82. This represents an approximately 40% wider range than typically achieved by conventional gas turbine combustion systems.
From extensive review of available literature on TVC, it is observed that all of the work is focused on use of two cavities in the liner of the combustor. For applications requiring use of compact combustors such as Unmanned Aerial Vehicles, a single cavity TVC concept might be more suitable. Hence, this is taken up for study in the present work. The challenge is to ensure that the advantages of higher stability, lower pressure drop while maintaining high combustion efficiencies in this configuration. As a first step towards this goal, fundamental studies, both numerical and experimental on a single cavity TVC combustor are conducted. This work is presented in two parts. In Part 1, the single cavity test rig design details are provided. Results are provided from detailed experiments performed on this test rig with simultaneous measurement of temperature, emissions and pressure drop. After performing experiments with detailed measurements for selected cases, series of experiments on single cavity TVC are performed to ascertain stability limits of the TVC test rig. In the second part, numerical simulations are presented for conditions for which experiments are performed and insight from the simulations are used to explain the trends observed.
DESIGN OF TEST RIG & EXPERIMENTAL FACILITY
For the present setup under consideration, variable parameters are main-stream air flow rate (m ma ), main-stream fuel flow rate (m mf ), cavity air flow rate (m ca ), cavity fuel flow rate (m cf ), length of the cavity (L), depth of the cavity (D) and width of the cavity (W). By changing these parameters the dimensionless parameters that change are mainstream equivalence ratio (φ m ), cavity equivalence ratio (φ c ), overall equivalence ratio (φ o ), length-to-depth ratio (L/D) and length-to-width ratio of the cavity (L/W). To provide design inputs for an experimental test rig, a numerical study was undertaken to assess the effect of various parameters.
1. Length-to-depth (L/D) ratio of the cavity 2. Injection strategy: location of air and fuel injection in cavity 3. Length-to-width (L/W) ratio of cavity
The results from the initial numerical study are not discussed here and details are given elsewhere [11] [12] [13] . A schematic of the single cavity rig is shown in Figure 1 . The cavity dimensions are referred by length (L), depth (D) and width (W). The faces shown in blue color are inlets while red colored face is an outlet. The walls are shown in gray color. A preliminary parametric study undertaken indicated that, L/D ratio plays very significant role in determining flow behavior in the cavity. A range of L/D ratios from 0.8-1.2 was identified for detailed studies, both experimentally and numerically. It was observed that injecting the cavity air near top of the cavity is better. Lowering location of the cavity air jets, lead to formation of secondary clockwise vortex in the cavity at top. This reduced the combustion efficiency indicative of poor mixing. Changing the cavity fuel location did not seem to affect the overall vortex behavior in the cavity, probably due to the fact that the fuel jet momentum is comparatively smaller. Also, increasing the number of cavity fuel holes (increased cavity fuel flow rates) did not affect combustion significantly. It was also observed that the flow was two-dimensional over most of the cavity width for L/W less than 0.6. The length of the combustor is kept as 250 mm. Schematic of Single-Cavity TVC used in present study.
The above information obtained from this initial parametric study was used to design a single cavity TVC experimental test rig. This test rig is designed to facilitate fundamental studies at atmospheric pressure. The application as mentioned earlier is development of a compact combustor. Thus, important geometrical parameters, frontal area and length of the combustor are selected based on this application. Some important parameters considered in the design of single cavity TVC test rig are listed here:
1. The key parameter namely L/D ratio should be variable. 2. It was decided to make the rig two-dimensional, both from the modelling and ease of flow visualization standpoints. Hence, fuel and air injection were appropriately designed. 3. The test rig should have optical access to enable flow visualization 4. The design should be modular so as to modify key geometrical parameters as per requirement. 5. The facility should be able to withstand high temperatures during combustion experiments. 6. To ensure that the sealing material between the quartz plate and the stainless steel housing does not exceed a certain critical temperature, a water cooling jacket was provided in the stainless steel walls.
The cavity depth is kept fixed and the length is made variable in order to vary the L/D ratio. The cavity air jets and cavity fuel jets are located with offset of 40 mm. This is the maximum offset that can be maintained in the cavity for a fixed cavity depth of 70 mm. It is decided to inject cavity air and fuel from 6 holes of 10-mm diameter. Also, parametric study performed in first part of the paper indicates that flow is twodimensional over much of cavity-width for L/W less than 0.6. In the present rig, the width is selected as 120 mm in order to have L/W ratio of around 0.5. The unique features of this rig consist of a continuously variable length-to-depth ratio (L/D) of the cavity and optical access through quartz plates provided on three sides for visualization. The design details of different parts of the test-rig are given in Figure 2 . Figure 3 shows a photograph of the test rig. Different parts of the rig including plenum chambers for air and fuel flow supply are visible in this figure. The complete description and details of the experimental test rig are described elsewhere [11] [12] [13] .
Instrumentation
The experimental facility is designed for conducting experiments at atmospheric pressure. For the experiments, two air lines are required, one for main stream and second for cavity air injection. A similar arrangement is required for fuel flow lines also. The air is supplied from a compressor with receiver capable of storing 1 m 3 of air at 3 MPa. The fuel used is methane. These air and fuel flow rates can be controlled individually to provide desired equivalence ratios in the main-stream and cavity. Figure 4 shows line diagram depicting individual air and fuel supply lines in the system.
In the present setup, three B-type thermocouples are used for measurement of temperature at the exit of Single Cavity TVC. This thermocouple is of Omega make For pressure drop measurements, total pressure probes are used. The resolution for the total pressure probe is 1 Pa. A high speed camera (PHOTRON Fastcam-PCI-R2) capable of taking images at 500 fps has been used to take images of the combustion in the single cavity TVC. This camera has progressive scan 1/3-inch CCD with digital recording on internal memory (1 GB). This camera can record images at maximum resolution of 512x480 pixels with framing rate of 250 for 8.7 s.
Uncertainty Analysis
The precision component of the uncertainty for the temperature measurement using Btype thermocouple is 1%. The density and velocity calculations have uncertainty of 0.3 and 5%, respectively. This leads to uncertainty of 5.1% in Re and Pr. Also, there is variation of about 100 K because of uncertainty in measurement position. Total uncertainty in temperature measurement after radiation correction based on this analysis is about 7.9% of the measured temperature. This leads to about 8.7% uncertainty in Pattern factor calculation. In a typical measurement of UHC of 1500 ppm, the maximum variation, or precision is about 150 ppm. This leads to total uncertainty in UHC measurement of about 14.1%. For CO measurement, the variation is 0.1% corresponding to measurement of 3.5%. This leads to uncertainty of 6.7% in CO measurement. This gives about 17.3% and 12.0% uncertainty in calculation of emission indices corresponding to UHC and CO, respectively. This leads to total uncertainty in combustion efficiency of about 21.1%. The resolution of pressure measurement by the pitot tube is 1 Pa and maximum variation in measurement is about 20 Pa for measurement of 150 Pa. Based on this, the uncertainty in the total pressure drop across the combustor is calculated to be 13.4%.
EXPERIMENTS: SINGLE CAVITY TVC
To begin with, a few combustion experiments are conducted on the single cavity TVC to ascertain flow conditions to achieve stable combustion. Based on these initial set of experiments, a few baseline flow conditions are selected for experiments in a systematic manner with simultaneous measurements of temperature, species and pressure drop.
Experiments are conducted for flow conditions given in Table 1 . The flow rates of fuel and air in cavity and main stream are selected in such a way so as to maintain overall equivalence ratio (φ o ) around 0. 
Effect of Change of L/D Ratio
From initial experiments on TVC for different L/D ratios, it is observed that flame is stable for L/D ratios less than unity. For L/D ratios more than unity, the flame could be established for a few conditions, however, large-scale fluctuations were observed and in general flame was unstable. As L/D ratio increased further, stable flame in the TVC could not be established. Thus, to observe effect of change of L/D ratio, three L/D ratios of 0.85, 0.93 and 1 corresponding to flow conditions mentioned in Table 1 are selected. A stable flame is observed for these cases but the flow pattern in the cavity is different for each of them. During the experiment, video of the reacting flow is captured using a Canon S3IS camera at 30 fps. Figure 5 shows visible flame images for L/Ds of 0.85, 0.93 and 1. In the images presented here, the flow is taking place from left to right. It is observed that for these cases, flame is stable in the cavity. The depth of penetration of the cavity air jet can also be observed from these figures. For L/D of 0.85, the depth of penetration of cavity air jet is maximum because cavity-jet with same momentum has to travel less distance to reach the cavity wall. As mentioned earlier, the high speed images are taken during the experiment using a Photron Fastcam high speed camera. The images are taken at 250 fps with exposure time of 1/500 s. A 25-mm diameter, quartz lens having focal length of 50 mm is used with the camera. Figure 6 shows high speed images of the flame for L/D of 0.85. All images are sequential and 4 ms apart. The total duration of the imaging is 8.7 seconds, thus, total of 2175 frames are obtained at 250 fps. The recording is started after In general, by observing high-speed images and colour videos of the flame, it appears that overall, the flow field is stable. In other words, there is no vortex shedding from the cavity. These cases correspond to stable combustion and there is no blow-out. For L/D of 0.85, with length of the cavity being minimum, the cavity air jet is able to reach fore-side cavity wall. It is expected that this ensures presence of strong anti-clockwise vortex in the cavity. As L/D ratio increases, the cavity air jet momentum is not sufficient to reach fore-side cavity wall. This penetration of cavity air jet is even less for L/D of 1. It seems that cavity air jet penetration plays an important role on the mode and extent of stability.
The temperatures are measured at the exit at 9 points, 5 mm apart along the central plane. For this measurement, sampling rate is 1000 Hz for duration of experiment. The acquired data is corrected for heat loss due to radiation. Figure 7 shows the temperature Effect of change of L/D ratio: Temperature profile at the exit.
profile at the measured location for three L/D ratios of 0.85, 0.93 and 1. Total uncertainty in temperature measurement after taking into account the heat loss due to radiation is about 7.9% of the measured temperature. It is observed that peak temperatures are increasing with decrease of L/D ratio. This indicates that mixing is better as L/D ratio is reduced. In gas turbine combustors, temperature profile at the exit is characterized by the Pattern Factor (PF) which is defined as:
Here, T max is maximum temperature measured at the exit plane, T av is average temperature at the exit and T in is inlet temperature. The pattern factor value is mentioned in Table 2 for three cases with different L/D ratios. The estimated uncertainty in the pattern factor is around 8.7%. The pattern factor value is well within desired range for gas turbine combustors.
The emission measurements are performed at the exit using an exhaust gas analyzer. The measurements are made, at three locations (10 mm on each side of the center), and averaged. A tube of about 7-mm inner diameter has been used for sampling. The length of tube that carries the sample from the measurement location to the analyzer is kept minimum and is heated to about 100°C to avoid condensation. For the setup used, it has been verified that condensation is negligible by measuring the species concentrations in the absence of heating and finding them to be same as the previously measured values. Based on these emissions, Emission Index (EI) is calculated. The emission index values are also mentioned in Table 2 .
It is observed that the CO emissions increase with increase in L/D ratio. In general, it is found that the factors that influence UHC formation also influence CO emissions [9] . Thus, the reason for the increase in CO emission can again be related to poor mixing. The inadequate mixing of fuel and air in the cavity can produce regions in which the mixture strength is too weak to support combustion or regions in which over-rich combustion yields high local concentration of CO. The combustion efficiency can be calculated based on heat basis from EI UHC & EI CO [14, 15] and is mentioned in Table 2 . The combustion efficiency of 99.2% for L/D of 0.85 indicates that reducing L/D ratio helps improve mixing.
The pressure loss is measured both under non-reacting and reacting flow conditions. For non-reacting flow, total pressure loss is measured across the combustor. For reacting flow, static pressure loss is measured. Figure 8 shows pressure loss variation for three L/D ratios for non-reacting and reacting flow. The estimated uncertainty in the pressure drop measurement is around 13%. It is observed that for non-reacting flow, with reduction in L/D ratio, the pressure loss decreases. For reacting flow also, static pressure loss reduces as L/D ratio is reduced. Similar observations are also reported in the literature [9] in studies on the first generation TVC. In that work, it is observed that the pressure drop, for reacting and non-reacting flow passes through a minimum corresponding to L/D ratio of 0.6.
Effect of Increase in Cavity Air Velocity
The effect of increase in cavity air velocity is studied and experiments are performed for three flow conditions corresponding to Cases C, D and E (details in Table 1 ) with fixed L/D of 1. Figure 9 shows the flame images for Cases D and E. The locations of cavity air jets and cavity fuel jets can be visualized from these images. The high speed images are analyzed for three cases, with simultaneous measurement of temperature, species and pressure drop. The high speed images are not presented here and detailed results can be obtained from Singhal [11] . It is observed that cavity air jet penetration is maximum for Case E with cavity air jet velocity of 81.3 m/s. Also, the overall combustion was stable for all three cases. The temperature measurement at exit indicate that peak temperature is similar for all three cases and is around 1600 K. Figure 10 shows the measured temperature profile at the exit for these 3 cases with increasing cavity air velocity. Table 3 lists the pattern factor, emission indices for UHC, CO and NO x , and combustion efficiency for these three cases. The pattern factor values are well within the required range. It is also observed that as cavity air velocity is increased, the pattern factor reduces, indicating improved mixing.
From emission measurements, it is observed that with increase of cavity air velocity, EI CO and EI UHC reduce, indicating higher temperatures because of better mixing. The emission index for NO does not change much and increases slightly. Based on these emission index values, combustion efficiency is calculated. There is a slight increase in combustion efficiency because of increased cavity air velocity. Thus, it is concluded that with increase of cavity air velocity, the mixing is better leading to improved combustion. For the non-reacting flow, total pressure loss across the combustor is measured while for reacting flow static pressure drop is measured. Figure 11 shows this pressure drop variation for non-reacting and reacting flow. It can be observed that with increase of cavity air velocity, the pressure drop increases. For first generation TVC, for reacting flow, the static pressure loss between the duct and ambient [16] was observed to be around 0.65% for annular-air velocities of 28 m/s and overall equivalence ratio of 0.12. Thus, the trends observed here are in line with previous studies reported in the literature.
Pressure Loss across Single Cavity TVC
For single cavity TVC, the total stagnation pressure drop is measured in non-reacting flow using total-pressure probe fixed at inlet and at the exit. For conventional gas turbine combustors, the significant part of total pressure loss is due to cold-flow (90-95%) and remainder is the fundamental loss arising from the addition of heat to a high-velocity stream [9] . For the present experimental setup, the cold flow total pressure drop is measured for a range of flow conditions that can be achieved in the experimental facility. The inlet Mach number achievable in the present rig is close to the Mach numbers observed at the inlet of the primary zone in conventional combustors. In the first experiment to measure total pressure drop, the cavity air jet velocity is kept constant at The effect of this increase in main stream velocity or inlet Mach number on total pressure loss is shown in Figure 12 . It is observed that with increase of inlet velocity, the total pressure drop expectedly increases. For a main air velocity of about 18 m/s, the total pressure loss is around 0.34 %. The second set of experiments is performed to estimate the total stagnation pressure drop for different cavity air jet velocities, keeping main-flow velocity as constant. This experiment is repeated for three different main air flow velocities -6.4, 8.4 and 12 m/s. The resulting total stagnation pressure drop is depicted in Figure 13 . It is observed that with increase in cavity air velocity, the total pressure drop increases. Increasing main air flow rate further increases the pressure drop. For a conventional combustor, in an earlier study [17] conducted in an atmospheric pressure facility, the total pressure loss was found to be in the range of 4.7 to 10 % under realistic combustor Mach number conditions. This indicates that the total stagnation pressure drop for single cavity TVC test rig corresponding to practical gas turbine combustor velocities is much lower as compared to those observed in conventional combustors. This is extremely encouraging as achieving a low pressure drop is one of the main objectives of the combustor. However, at higher mainstream velocities, the stability seemed poor. This counterintuitive behaviour is studied in detail in Part-2 of this work. 
EXPERIMENTS: SINGLE CAVITY TVC
After performing experiments with detailed measurements for selected cases, a series of experiments on single cavity TVC are performed to ascertain stability limits of the TVC test rig within range of flow rates that can be achieved in present experimental facility. Table 4 gives details of all experiments performed on Single cavity TVC rig. For first four cases in the table, the main stream velocity is 6.5 m/s. For these cases, cavity air flow rates are increased and cavity fuel flow rates are reduced. This increases the cavity equivalence ratio, maintaining overall equivalence ratio around 0.5. Because of the increase in cavity air flow rates, cavity air jet velocity is increased. It can be observed that for Case 1, with cavity equivalence ratio of 1.2, a stable blue flame is obtained in the cavity. However, as cavity equivalence ratio increases, a stable but yellowish flame is observed in the cavity. For Case 5, with cavity air velocity increased to 52.7 m/s the flame could not be established in the cavity. This could be due to very low equivalence ratio in the cavity. By increasing cavity fuel flow rate further, a stable flame could be established in the cavity.
For main stream velocity of 6.5 m/s, a lean blow-out limit is achieved when cavity equivalence ratio is reduced to as low as 0.43. For Case 1b, it is observed that as cavity air velocity is increased, the flame in the cavity became more organized and stable with reduced fluctuations. Also, it is observed that the flame length reduced with increase in cavity air velocity. This is due to the fact that now excess air is available for combustion of same amount of fuel. Case 6 represents a condition, in which cavity air velocity is reduced below that of main air. The cavity equivalence ratio for this case is very high around 3.3. For this case also a stable and yellow flame is observed, indicating incomplete combustion in the cavity due to insufficient amount of air. For Case 7, cavity air flow rate is increased to get cavity air velocity of about 34.2 m/s keeping same amount of cavity fuel as that of Case 6. For this case, flame blows out after switching off the ignition. This is because of the fact that cavity equivalence ratio has reduced to 0.78. Comparing this case with Case 1a suggests that this is closer to the lean-blow-out limit range of the TVC. Cases 8, 9, 10, 13 and 14 correspond to the cases for which detailed discussion has been presented earlier in the paper (sections 3.1 and 3.2). The general observation is that Case 20 corresponds to a condition in which cavity air velocity is less than main stream flow velocity. For this case also, a stable flame is observed in the cavity but it is yellowish, indicating that combustion is incomplete. The flow behavior for this case is different in the cavity than other cases where cavity air velocity is more than the main stream velocity. This case along with Case 6 represents a conventional cavity-stabilized flame where the cavity acts like a flame-holder. For Cases 21 and 22, main stream velocity is increased to 14.2 and 16.2 m/s for cavity equivalence ratios of 2.4 and 0.9, respectively. For both cases, flame could not be stabilized in the cavity. However, it is expected that by increasing cavity air jet velocity, it would be possible to get a stable flame. This is thought to be caused due to breakdown of the cavity vortex structure. In other words, for certain flow conditions such as those in Cases 21 and 22, the counterclockwise vortex in the cavity cannot be sustained, and therefore, the flame tends to blow out. The above observations concerning the flow physics can be reinforced if velocity, temperature and species profiles were available. Hence, it was decided to perform detailed numerical simulations which would complement the above experiments and further aid in explaining some of the trends observed in Table 4 . The results of the numerical simulations are presented in Part 2.
SUMMARY
The present work describes the design of a novel, single cavity trapped vortex combustor test rig. The unique features of this rig comprise of a continuously variable cavity length-to-depth ratio (L/D) and optical access through quartz plates provided on three sides for visualization. The experimental facility is designed for conducting experiments at atmospheric pressure. Initial experiments suggested that stable flame could be achieved in the single cavity TVC test rig for a range of flow conditions and L/D ratios. For L/D ratios more than unity, large-scale fluctuations are observed, and beyond a certain value of L/D, the flame could not be established at all. Based on these initial experiments, three baseline conditions were selected for experiments with simultaneous measurements of temperature, pressure drop and emissions.
High-speed images corresponding to cases with increase of L/D ratio and cavity air velocity indicated that overall flow is steady and there is no vortex shedding from the cavity. Further, it is observed that reducing L/D ratio leads to increased cavity air jet penetration in the cavity. As L/D ratio is decreased, combustion efficiency increased indicating better mixing. Also, increasing cavity air velocity increased combustion efficiency slightly. Combustion efficiency of around 99% is obtained for L/D ratio of 0.85. It is also observed that reducing L/D ratio, increased peak temperatures and NO, while reducing CO emissions. In general, the pattern factor values are lower than those reported for conventional combustors. The total pressure drop measurements across the combustor indicated that with reduction in L/D ratio, pressure drop reduces.
For non-reacting flow, total pressure drop across the combustor is measured for different main stream flow velocities for a constant cavity air velocity. The pressure drop corresponding to practical gas turbine combustion inlet velocities are observed to be much lower than those reported for conventional gas turbine combustors. Overall, it is observed that reducing L/D ratio and increasing cavity air velocity are favorable conditions for ensuring stable combustion. These conditions also improve performance parameters in terms of increase in combustion efficiency, and reduction in pattern factor. However, for cases corresponding to certain intermediate cavity air velocities, the flame tended to blow out. This is thought to be caused due to breakdown of the cavity vortex at these conditions. The second part of this work presents numerical simulations for cases presented in Part-1 and focuses on further explaining some of the trends observed, especially the counter-intuitive behavior observed with respect to lack of flame stability at certain intermediate cavity air velocities.
